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ABSTRACT
We present candidate quasars from a multi-color (uBV RI + narrow-band) imaging survey of 1/2
square degree around the Hubble Deep Field – South. We identify 154 candidate quasars with B < 23
using color selection, consistent with previously measured QSO number counts if we assume a 60%
selection efficiency. The narrow-band filter (NB) was centered at 3958A˚ to detect Lyα at the redshift of
J2233–6033, the HDF–S QSO. We confirm the presence of Lyα nebulosity extending ∼ 12′′ around the
HDF–S QSO, reported by Bergeron et al. (1999). We detect 10 point-like objects in emission through
the NB filter. Of these, 7 satisfy our QSO color selection criteria. One of emission-line objects is a
B ∼ 20 radio-quiet quasar at z = 1.56, 6.7′ from the line of sight to the HDF–S QSO and ∼12′′ from
the western edge of the WFPC2 deep field.
Subject headings: large scale structure of the universe — quasars: emission lines — quasars: general —
quasars: individual (J2233–6033) — surveys
1. INTRODUCTION
The recent Hubble Deep Field-South campaign (HDF–
S; Williams et al. 2000) is distinguished in part from
the hugely successful Hubble Deep Field-North (HDF–N;
Williams et al. 1996) by ultraviolet (UV) spectroscopy
(Ferguson et al. 2000) of the bright, radio-quiet quasar
J2233–6033 (HDF–S QSO; V ∼ 17.5, z = 2.24; Boyle
1997), using the Space Telescope Imaging Spectrograph
(STIS; Woodgate et al. 1998). Medium- and high-
resolution STIS spectroscopy provides detailed coverage of
the Lyα forest from 1.2 < z < 1.93. Optical spectroscopy
from the ground (Outram et al. 1999, Sealey et al. 1998,
Savaglio et al. 1998, Cristiani et al. 2000) extends cover-
age of the Lyα forest to z = 2.24 and also covers various
metal lines along the QSO line of sight. The UV spectrum
of the HDF–S QSO provides a unique window on the uni-
verse over this redshift interval where very little is known
due to observational difficulties.
The HDF–S QSO spectra have revealed several features
in the distribution of Lyα gas clouds (Savaglio et al. 1999),
including a “void” spanning z = 1.383 − 1.460 (94 co-
moving h−165 Mpc)
5, and two overdensities at z ∼ 1.335
and z = 1.92 − 1.99 (covering 64 h−165 Mpc). Both Lyα
overdensities have associated metal systems: one tenta-
tively identified at z = 1.336 (Ferguson et al. 2000), and
two at z = 1.929 and z = 1.943 (Savaglio et al. 1998).
There is a QSO, J2233–6032, at a redshift z = 1.335 and
a projected distance of 44′′ (0.7 h−165 Mpc) from the HDF–
S QSO (Tresse et al. 1998). In addition, there are three
galaxies with redshifts of z = 1.268, 1.315 and 1.218 at a
distance ∼< 2h
−1
65 Mpc from the HDF–S QSO line-of-sight
(Glazebrook et al. 2000). A concentrated ground based
search for other objects associated with these features will
be required to better understand their nature.
We have performed a multi-color (uBV RI+narrow-
band) imaging survey of 1/2 square degree centered on
the HDF–S (Palunas et al. 2000). The narrow-band filter
(NB) was centered at 3958A˚ to detect Lyα at the red-
shift of the HDF–S QSO. Our goals for the survey in-
clude determining photometric redshifts of galaxies over
a wide field around the HDF–S , searching for emission-
line objects near the HDF–S QSO, and identifying other
quasars in the field. Here we present candidate quasars
in our catalog. We confirm the presence of Lyα nebulos-
ity extending ∼ 12′′ around the HDF–S QSO, reported
by Bergeron et al. (1999). We detect 10 point-like ob-
jects in emission through the NB filter. Of these, 7 satisfy
our QSO color selection criteria. We report the discovery
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2of a B ∼ 20 quasar at z = 1.56 just 6.7′ (6.8 h−165 Mpc)
from the HDF–S QSO line of sight and ∼12′′ from the
western edge of the WFPC2 field. Images and catalogs
from the survey are available on the world wide web at
http://hires.gsfc.nasa.gov/∼gardner/hdfs.
2. OBSERVATIONS AND REDUCTIONS
We observed the HDF–S region using the Big Through-
put Camera (BTC) on the CTIO 4m during 1998 Septem-
ber. A complete description of the reductions can be found
in Palunas et al. (2000). Images were taken in the Sloan
Digital Sky Survey u, Johnson B and V , and Cousins
R and I filters. We also imaged the field using a narrow-
band interference filter centered at 3958A˚ and 50 A˚ wide
tuned to Lyα at the redshift of the HDF–S QSO. The BTC
is a prime-focus mosaic camera consisting of 4 CCDs, each
2048×2048 pixels (Wittman et al. 1998). The camera has
a 0.43′′ pixel size and covers an overall area of (34.8′)2
with 5.4′ gaps between the CCDs. Individual exposures
were dithered to fill in the gaps between the CCDs, which
resulted in a contiguous field with non-uniform coverage.
The field extends 44.0′ × 44.0′; the total area covered, ex-
cluding regions around bright stars, is 1716 ✷
′
. The NB
imaging covers less area, 1352✷
′
.
The conditions were photometric. The photometry was
calibrated using Landolt standards, and fixed to the John-
son UBV and Cousins RI photometric system as defined
by Landolt (1992). Comparison of the Johnson U and
Sloan u filters demonstrates that small color corrections
are sufficient to place our observations onto the same sys-
tem as Landolt.
The seeing was 1.2′′–1.5′′. Bias, dark subtraction and
flatfielding of the images using superflats, were done us-
ing IRAF6. Astrometric corrections for the wide-field opti-
cal distortions were derived and the corrected images were
combined using btcproc (Wittman et al. 1998). Catalogs of
individual sources were compiled using SExtractor (Bertin
& Arnouts 1996). The limiting magnitudes vary across the
images. The 5σ detection limits for point-like objects in
each color range between 24 < u < 25, 25.6 < B < 26.6,
25 < V < 26, 25 < R < 25.8, 23.5 < I < 24.4, with
about 50% of the area of each image at the brightest lim-
its. For the NB image the 5σ limits range between 0.5—1.2
×10−16 erg s−1 cm−2.
3. QUASAR CANDIDATES
Most quasars are easily distinguished from other point
sources on the basis of their unusual colors, particularly in
the UV (e.g. Hall et al. 1996a, 1996b). We transform our
colors from the Landolt to Cousins photometric system
that Hall et al. use (Bessel 1991), and denote the trans-
formed colors with a subscript C. The corrections are small
and do not affect the results. Figure 1 shows the (u−B)C
vs. (B−V )C colors of the point sources in our catalog. Our
QSO selection criteria are given in Table 1. Hall et al.’s
selection criteria are designed to exclude the dense stellar
locus running diagonally across the diagram and compact
emission-line galaxies which populate the upper right of
the diagram. Their criteria are adjusted as a function of
magnitude to account for broadening of the stellar locus
due to photometric errors. Our criteria differ slightly at
fainter magnitudes because our photometry is deeper and
therefore the stellar locus exhibits less broadening.
Point sources in our data were selected on the basis of
the FWHM and “class star” (cl) parameters from SExtrac-
tor. The selection criteria were determined by compar-
ing to the sources classified in the HDF–S flanking fields
(Lucas, R. et al. 2000). The following parameters max-
imized the number of point sources selected without ex-
cessive contamination by extended sources: for R ≤ 20,
FWHM < 1.8′′; for 20 < R ≤ 23, FWHM < 1.8′′ and cl
> 0.95; and for R > 23, FWHM < 1.9′′ and cl > .92. Full
discussion will be provided elsewhere (Palunas et al. 2000,
in preparation).
Using the above criteria we find 4 B < 19, 13 B < 20,
30 B < 21, 71 B < 22 and 154 B < 23 QSO candidates
in our field. Figure 2 shows the distribution of QSO can-
didates in the field. The QSO selection criteria identify
quasars at z < 2.3. Colors for QSOs at higher redshifts lie
within the stellar locus. Hall et al. find a 60% QSO selec-
tion efficiency for objects with these colors at B < 22. In
Figure 3 we compare the integrated number counts of the
QSO candidates we have selected, assuming 60% selection
efficiency, to the QSO counts of Hartwick & Shade (1990).
4. THE HDF–S QSO
Bergeron et al. (1999) report large scale extended Lyα
nebulosity around the HDF–S QSO, detected in narrow-
band images taken at the VLT. The nebulosity is reported
to extend approximately 9.2′′ × 12.1′′; the outer parts are
patchy but distributed symmetrically around the QSO.
They find no evidence of a continuum component associ-
ated with the nebulosity. Emission-line nebulae of this size
and luminosity are common around radio-loud quasars,
but not around radio-quiet quasars such as the HDF-S
QSO. However, the nebulae around radio-loud QSOs are
generally asymmetric and roughly aligned with the radio
jets.
We confirm the existence of extended Lyα emission
around the HDF-S QSO. Figure 4 shows the narrow-band
luminosity profile of the HDF–S QSO compared with the
profiles of 8 stars within ∼3′ of the QSO. The stellar pro-
files are normalized to show the same flux as the QSO
within a 4′′ radius aperture. The images suffer from low-
level ghost reflections off the NB filter; the manufacturer
dropped a completed filter shortly before our observing
run and the replacement did not have an AR coating.
The ghosts are well modeled by a Gaussian which we sub-
tract from the profiles. The peak amplitude of the ghost
is 1.75× 10−4 times the stellar flux within a 4′′ radius and
its width is σ = 3.6′′. The flux from the ghost peaks at
a radius of ∼ 9.5arcsec. The QSO profile exhibits signifi-
cant excess flux for r > 4′′ when compared to all 8 stellar
profiles even where the flux from the model ghost is negli-
gible.
The integrated Lyα flux in an annulus with 3′′< r <10′′
centered on the QSO is (2.9± 0.5)× 10−15 erg s−1 cm−2.
Because the low flux levels and wide area make absolute
flux measurement difficult we estimate the error by scaling
the 1σ deviation of the normalized relative flux of the 8
stars integrated over the same area as the QSO. Bergeron
et al. (1999) report a flux of 3.2×10−15 erg s−1 cm−2.
6IRAF is distributed by NOAO, which is operated by AURA Inc., under contract to the NSF.
35. EMISSION-LINE OBJECTS
To identify point-like emission-line objects in the field
we compare the NB magnitudes to an estimate of the con-
tinuum around the NB filter. We estimate the continuum
as the average u- and B-band flux, 〈uB〉. In Fig. 5 we
plot the 〈uB〉− NB color-magnitude diagram for the point
sources. The wide spread in 〈uB〉− NB colors is due to
the 4000A˚ break in spectra of the stars.
To set limits for emission-line detection we have esti-
mated the upper 99.5% confidence limit on the 〈uB〉 -
NB colors of non-detections using Monte Carlo simulations
(Teplitz et al. 1998). A Gaussian distribution of errors is
applied to the photometry for simulated line-free objects,
and the confidence intervals are measured as a function of
broad-band magnitude. We used the global average of the
errors over the entire frame for the broad and narrow band
data.
We detect 10 spatially unresolved, emission-line sources
in our NB filter including the HDF–S QSO. Of these, 7 are
QSO candidates by our criteria. Table 2 lists the emission-
line objects. Figure 2 shows their position in the field.
The observed equivalent widths are lower limits since part
of the broad-line emission may fall outside of the narrow-
band filter. Figure 6 plots the spectral energy distributions
of the objects in AB magnitudes. We include JHK pho-
tometry (da Costa et al. 1998) for objects for which it is
available.
5.1. QSO B
In addition to the emission we detect at 3958A˚, Glaze-
brook et al. (2000) detect a broad emission line at 7174A˚
for QSO candidate B (see Table 2). The object is unre-
solved in an HDF–S flanking-field image. The emission
lines are identified as [C IV] λ1549 at z = 1.56± 0.02 and
Mg II λ2800 at z = 1.56 ± 0.01. We adopt a redshift of
1.56± 0.01. Relatively small systematic biases in the red-
shifts determined from these lines (e.g. Tytler & Fan 1992,
Laor et al. 1995) cannot be resolved. The absolute B-band
magnitude is M(B) = −25 using the Veron & Veron (1998)
prescription. The rest-frame equivalent width of the C IV
emission doublet is at least 60.5 A˚. The rest-frame equiv-
alent width of the Mg II lines is 47 A˚. The FWHM of
the Mg II line is 82 A˚ in the rest frame, compared to an
instrumental resolution of 3 A˚ establishing it as a broad
line typical of QSOs. There is an excess H-band flux which
is probably due to Hα emission. The equivalent width re-
quired to give the observed excess above the J and K bands
is ∼240 A˚ in the rest frame. This is near the minimum
observed equivalent width in quasars (Espey et al. 1989).
The object is detected at 7µm (5σ) and 14µm bands (3σ)
with the Infrared Space Observatory (ISO) (Oliver et al.
2000), but flux calibrated magnitudes are not yet avail-
able. The QSO is radio quiet; it is detected with a flux of
163 µJy at 4.9 GHz and 111 µJy at 8.6 GHz in observa-
tions at the Australia Telescope National Facility (ATNF)
HDF–S (Norris et al. 2000).
QSO B is 6.7′ (6.8 h−165 Mpc) from the line of sight to
the HDF–S QSO and ∼12′′ from the western edge of the
WFPC2 field. There is no statistically significant excess of
absorption lines in the HDF–S QSO associated with QSO
B. Since it is so close to the HDF–S, this quasar provides an
important new line-of-sight to study the z < 1.56 features
revealed in the HDF–S HST images and QSO spectrum.
5.2. Other Objects
QSO emission lines which could be detected in our NB
images are Lyα at z ∼ 2.26, C IV λ1549 at z ∼ 1.55, C III
λ1909 at z ∼ 1.07 or Mg II λ2791 at z ∼ 0.42. The NB im-
ages sample 6.24×, 5.10×, 3.69× and 1.24×104 h−365 Mpc
3
at each of these redshifts, respectively. The effective vol-
ume sampled could be as much as 50% higher depending
on how broad the emission lines are. Compact emission-
line galaxies could be detected in O II at z ∼ 0.06. To esti-
mate the space density of QSOs we integrate the (Hawkins
& Veron 1995) luminosity function, with a constant loga-
rithmic slope of 0.63, down to MB = −23 which is the bor-
der between objects classified as QSOs or Seyfert 1 nuclei
(Schmidt & Green 1983) and about our detection limit for
QSOs at z = 2.2. The expected space density of QSOs in
units of h365Mpc
−3 is 2.4×10−5 at 2.2 < z < 3.2, 1.5×10−5
at 1.2 < z < 1.7 and 0.5×10−5 at 0.7 < z < 1.2 in our
cosmology. At z < 1.5, the amplitude of the luminosity
function falls as (1 + z)−6. Under this assumption the
expected space density at redshift z= 0.4 is roughly 30
times less than that at z= 1.5 or ∼ 5 × 10−7 h365Mpc
−3.
The number of QSOs expected in our detection windows
is about 2.5: 1.5 in Lyα, 0.8 in C IV and 0.2 in C III and
0.005 in Mg II. We detect 7 emission-line objects which we
identify as QSO candidates excluding the HDF–S QSO.
The total number of detections agrees with the expected
number to within the 3σ Poisson errors (Gehrels 1986).
Due to small number statistics there is no evidence of an
overdensity in any of the redshift windows.
6. SUMMARY
We have presented a sample of QSO candidates in the
HDF–S region, including one confirmed QSO, at redshift
z = 1.56 just 6.7′ (6.8 h−165 Mpc) from the HDF–S QSO.
We confirm the existence of a large, 24′′ diameter (490 h−165
kpc) nebular emission surrounding the HDF–S QSO. The
existence of such a cloud around a radio-quiet QSO is
highly unusual. QSOs in the HDF–S region will provide
an important tool to map structure over a much larger
area than that covered by the HST data. Absorption line
spectra of the brighter QSOs will allow detection of low
column density gas clouds along lines of sight other than
the HDF–S QSO.
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5Table 1
QSO Color Selection
Mag Color Limits
B < 21 (B − V )C < 0.35 for (u−B)C ≥ −0.3 and
(B − V )C < 0.6 for (u−B)C < −0.3
21 ≤ B < 22 (B − V )C < 0.325 for (u−B)C ≥ −0.35 and
(B − V )C < 0.6 for (u−B)C < −0.35
22 ≤ B < 23 (B − V )C < 0.3 for (u−B)C ≥ −0.4 and
(B − V )C < 0.5 for (u−B)C < −0.4
6Table 2
Narrow-Band Detections
ID R.A. (J2000) Dec. (J2000) B QSO E.W. (A˚) notes
HDF-S 22:33:37.59 -60:33:29.06 17.39 y 119.8 z=2.24
A 22:35:07.39 -60:37:18.72 18.47 y 78.9 ...
B 22:32:43.47 -60:33:51.55 20.31 y 120.8 z=1.56
C 22:35:10.47 -60:35:30.33 20.51 y 73.4 ...
D 22:36:09.84 -60:43:36.12 21.22 y 78.0 ...
E 22:36:07.77 -60:33:20.40 21.51 n 100.3 ...
F 22:32:44.83 -60:48:16.38 21.59 y 134.9 ...
G 22:32:32.78 -60:18:43.14 21.76 y 107.0 ...
H 22:31:14.08 -60:18:25.25 22.07 n 100.8 ...
I 22:33:00.37 -60:19:11.46 22.85 y 118.8 ...
J 22:32:14.83 -60:54:30.23 23.74 R.G. 227.8 ...
7Fig. 1.— (u − B)C vs. (B − V )C diagram for point sources with B < 23. For clarity the error bars are drawn on one side only. The
confirmed QSOs, the HDF–S QSO, QSO B and the Tresse et al. QSO are marked with filled circles. The rest of the emission-line candidates
are marked with an open circles. Objects detected in radio (Norris et al. 2000) are marked with stars. The QSO selection criteria are discussed
in the text.
Fig. 2.— The distribution of quasar candidates in our field. The size of the markers are proportional to the magnitude. Candidates
identified with radio sources (Norris et al. 2000) are marked with stars. Objects identified as emission-line sources are marked with a large
open circle and labeled (see Table 2). The image shows the HDF–S fields for STIS, WFPC2 and NICMOS (solid lines), as well as the WFPC2
flanking fields (dotted line). Parts of the image excluded from analysis due to bright stars are shaded.
Fig. 3.— QSO integrated number counts. The solid line is the number counts for our (u−B)C, (B−V )C selected QSO candidates assuming
a 60% selection efficiency and excluding the HDF–S QSO. The open triangles are the number counts of Hartwick & Shade (1990) for QSOs
at z < 2.2.
Fig. 4.— Luminosity profile for the HDF–S QSO is compared to the mean normalized PSFs of 8 nearby stars. The shaded region around
the mean PSF profile shows the 1σ scatter of the 8 PSFs. A model of a ghost reflection was subtracted from all the profiles. The ghost
amplitude was scaled to be a fixed ratio of the flux within a 4′′ radius aperture of each object.
Fig. 5.— Narrow–Continuum color magnitude diagram. The continuum is estimated by the average of the u and B flux, 〈uB〉. The line
represents the upper 99.5% confidence limit on the 〈uB〉 - NB colors of non-detections. Candidate QSOs selected in this paper (see Fig.1) are
marked with small solid circles and radio sources (matched to Norris et al. 2000) are marked with stars.
Fig. 6.— The SEDs of all the NB emission-line objects. Our broad-band and NB data is traced with a solid line. The dashed line traces the
optical and near IR data of da Costa et al. (1998). The thin lines are the spectra of Sealey et al. 1998 for the HDF–S QSO and Glazebrook
et al. (2000) for QSO B shifted below the SEDs for clarity. The QSO candidates are labeled with Q.
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